ABSTRACT: Understanding larval fish survival dynamics is essential to determining variability in future adult population structure. Realistic modeling of larval fish feeding ecology depends on incorporating both the biotic and abiotic conditions that affect predator-prey interactions. We used an individual-based model (IBM) to test which variables drive Atlantic larval cod Gadus morhua feeding preferences. The IBM included a bioenergetics component that incorporated metabolic parameters and growth and a mechanistic prey selection component that depended on larval development and behavior, prey size and behavior, depth, light, and physical oceanographic conditions. We applied our model to Georges Bank and incorporated high-resolution field data on environmental conditions and prey abundance to analyze larval cod feeding ecology. Based on simulated selectivity indices, we found that cod prey selection was determined by differential encounter of prey due to the abundance of suitably sized prey, their visibility, and larval cod ability to capture these prey items. The model suggested that Pseudocalanus spp. were the dominant prey species for larval cod because of their abundance in the water column and their large image area. Centropages spp. were also modeled to be an important part of larval diet, but no copepodite stages of this taxon were found in gut samples. Lack of Centropages spp. in the gut samples indicated that they are more elusive in their behavior than Pseudocalanus spp. Overall our results suggest larval cod feeding ecology on Georges Bank is a consequence of the physical and biological conditions rather than active prey selection. 
INTRODUCTION
Fish year-class strength is strongly dependent on growth and survival during larval stages, when mortality is greatest (Houde 1987 , Sundby et al. 1989 ). Growth and survival are generally related to abiotic factors such as temperature, light, and turbulence, and on the ability of the larvae to encounter and capture prey items (Campana et al. 1989 , Chambers & Trippel 1997 , Fiksen & MacKenzie 2002 , Folkvord 2005 . In addition, biotic factors such as functional constraints on larval swimming capabilities (Peck et al. 2006) can limit the size of potential prey. As larvae develop, they are able to pursue and capture larger prey (Kane 1984 , Puvanendran et al. 2004 ) and sustain their increasing energy demands (Pope et al. 1994) . Consequently, areas with high prey densities of different prey sizes provide ideal conditions for rapid growth and potentially increased fish survival (Miller et al. 1988 , Hare & Cowen 1997 , and thereby stronger year-classes (Ottersen & Loeng 2000) .
A key component in determining how larval cod select their prey is to understand how the predatorprey encounter rate is controlled by light. Aquatic environments are shaped by the scattering and absorption of light. Light intensity changes with depth and throughout the day, and feeding may be constrained at low light intensities or in turbid and murky waters (Aksnes & Utne 1997) . For visual feeders, larger prey will appear more visible in the water column, and, assuming equal concentrations, they will be more frequently encountered than smaller prey if they are homogenously distributed (Eggers 1977) . Consequently, prey that are easily perceived because of their size and/or contrast are more likely to be found in the stomach of predatory fish simply because they are more frequently encountered. Luo et al. (1996) defined this increase in encounter as 'differential random encounter' (hereafter differential encounter), an effect of prey visibility and abundance. Still, selectivity indices will perhaps wrongly determine this increase in encounter as active selection.
We used an individual-based model (IBM) ) to analyze what regulates the larval preference for Pseudocalanus spp. (Kane 1984 (Kane , 2007 . Since the 1990s IBMs have been used successfully in the study of marine organisms and population dynamics (see the review by Werner et al. 2001 and Miller 2007) and have increased in complexity during the last few years (Grimm & Railsback 2005) . The IBM presented here is identical to the IBM published by Kristiansen et al. (2007) , however, with a new component for vertical behavior. The IBM included a mechanistic feeding component that enabled explicit modeling of larval encounter, pursuit, and capture success of prey items. Observations of the vertical distribution of zooplankton, as well as gut samples of larval cod (Lough et al. 2005) , allowed direct comparisons between observed and modeled diets. Based on our model results and field data, we explored the importance of total prey abundance, as well as how vertical distribution of prey stages affected the growth and prey selection of larval cod.
We hypothesized that the apparent preference of larval cod for the prey Pseudocalanus spp. on Georges Bank resulted from differential encounter (Eggers 1977 , Holzman & Genin 2005 , combined with the ability of the larvae to capture this species. In this context, differential encounter was a perception-based preference for prey species based on their abundance and visibility (image area) in the water column. Therefore, the physical and biological characteristics of prey, predator, and the environment determined differential encounter, whereas active selection was defined as particular prey items being pursued while others were ignored. We also tested the model by examining the relationship between observed and modeled growth rates and diet selection for larval cod in 2 different years. Combined, this approach may help us understand why larval cod on Georges Bank feed predominantly on Pseudocalanus spp.
MATERIALS AND METHODS
Our model description follows the overview, design concepts, and details (ODD) protocol suggested as a standard by Grimm et al. (2006) .
Purpose. Our IBM simulated the foraging ecology in the early life history of larval Atlantic cod Gadus morhua. The IBM included complex components for feeding, growth, and behavior of individual larval and juvenile cod. Individual interactions between predator and prey items were modeled mechanistically and included the encounter, approach (pursuit), and capture success. The model also accounted for the physical and biological properties of the system that affected the developing larva's feeding success. Larval visual abilities (determined through light levels), prey abundance, and prey size all affect feeding success and were incorporated into the model. This approach ensured that all the underlying processes that are believed to be important factors in the feeding of larval fish were included. The processes were formulated and parameterized from laboratory experiments conducted on larval cod . Our main purpose was to explore how physical and biological properties of the habitat determined larval cod prey selection.
State variables and scales. Individual cod larvae varied in size from 5 to 15 mm and were simulated as part of the habitat observed on Georges Bank from 22 to 27 May in 1993 and 1994 (Fig. 1) . The depth of the water column was 70 m, divided into 1 m discrete depth bins, between which the individual larvae were allowed to migrate vertically. The environment was described by observations of temperature, zooplankton abundance and distribution, modeled light, turbulence, and predators. Individual larval fish were described by their dynamic state variables (length, weight, gut fullness). Zooplankton was distributed throughout the water column in 1 m depth bins, based on observations of abundance, species, and size. The number of predators was assumed to be constant in depth and time; however, vertebrate and invertebrate predation pressure dynamically changed as a function of light level and larval size.
Process overview and scheduling. The interactions between the environment and the individuals were determined through sub-models, which were estimated sequentially at every time step in the model. One submodel, the mechanistic feeding component of the IBM, simulated the details of the foraging behavior sequentially: prey encounter, approach, capture, and ingestion. Larval foraging is visual and therefore dependent on the light level at the time of the day (for the given latitude and day of the year) and the given depth position. Each of the foraging steps was repeated for each of 4 prey taxa (Calanus finmarchicus, Pseudocalanus spp., Oithona spp., and Centropages spp.), for each prey stage (6 nauplii, 5 copepodites, 2 adult). The total ingested biomass per time step was stored in the stomach. Metabolism and growth were calculated in their respective sub-models based on the calculated total ingested biomass. Growth was food limited if the total biomass in the stomach was insufficient to sustain maximum temperature-dependent growth rates ); otherwise, only temperature restricted the maximum growth rate (Folkvord 2005) . When total growth had been estimated, the larva was moved to its next depth position following a vertical behavioral rule. The steps in the feeding and growth processes were then repeated at the new depth position for the next time step.
The combination of a mechanistic foraging and a behavioral component allowed for dynamic exploration of how fish feeding was controlled by the properties of the local habitat.
Design concepts. Emergence: Information on the population structure, depth distribution, and feeding and growth patterns emerged from the dynamics and behavior of the individuals. This included the diel vertical migration patterns resulting from trade-offs between feeding and risk of predation.
Sensing: Individuals were able to sense their stomach fullness, which was a driver for their vertical behavior. Individuals were also able to sense ('know') the ingestion and mortality rates at a range of depths above and below their current position. The above and below depth ranges were limited by the distance the larva was able to swim at routine swimming speed within 1 time step.
Interaction: Individual fish were subject to densityindependent processes, while density dependency was not included. Fish feeding did not have a feedback on the prey concentration.
Stochasticity: The escape jump angle of prey when approached by a predator was implemented as a random angle in the range of ± 30°away from the fish gape.
Observations: All state variables of fish were recorded for every time step, together with information on larval temporal and spatial distribution in the water column.
Initialization. All individuals were initialized with a 10% full stomach, at standard lengths (SL) of 5 mm (86 μg), 7 mm (285 μg), 9 mm (705 μg), and 11 mm (1450 μg) (all weights given as dry weight). For both 1993 and 1994, individuals were modeled from 22 May at 13:00 h local time to 27 May at 24:00 h. Two main types of model runs were performed.
In the first type, individual larvae were fixed in the water column at 1 m depth intervals, and growth rates and stomach contents were recorded for 5 d. The result was a static image of the growth rates with depth and time. This static image was combined with observations of the weighted mean depth (WMD) for 3 sizeclasses of cod (2 to 5, 6 to 8, 9 to 13 mm) (Lough et al. 2005) . The modeled cod growth rates in the water column were then weighted by the observed larval sizeclass (2 to 5, 6 to 8, 9 to 13 mm) distribution with depth, and defined as the WMD growth rates.
The second type of model runs allowed us to explore the modeled feeding and growth rates of larval cod of various sizes that exhibited dynamic vertical behavior. Larvae were initialized at 15 m depth and simulated 24 h forward in time before any results were recorded. Simulated growth and stomach contents were recorded for a period of 5 d for vertically migrating larvae under ). The optimized trajectory in the water column was designated OPT. For Scenario 2, we assumed unlimited food supply (temperaturedependent growth, TDG) for individuals that followed the ingestion OPT. Finally, for Scenario 3, we assumed that individuals did not feed on Centropages spp. (NoC), but still followed the ingestion OPT. All of the model runs were performed with the presence of predators turned on and off to allow us to explore their effect on larval vertical behavior, feeding behavior, and growth rates. Input. Prey, temperature, and turbulence measurements: The larval habitat was modeled using the temperature (Fig. 2) , turbulence, and zooplankton data (Fig. 3 ) described by Lough et al. (2005) , and modeled estimates of light as a function of day of the year, latitude, and depth (Skartveit et al. 1998) . Temperature, turbulence, and prey abundance distribution data are from 2 time periods: 22 to 27 May 1993 and 22 to 27 May 1994. In 1993, temperature ranged from 5.5 to 8.5°C (Fig. 2) , while, in 1994, temperature ranged from 7.2 to 9.5°C. On average, the temperature was 1°C higher in May 1994. In both years, a cohort of larval cod was tracked for 5 d using a drifter deployed at 13 m depth (Lough et al. 2005) . Since directed horizontal movements of larval fish are much less forceful than the prevailing horizontal currents, we assumed that biological and physical sampling along the trajectory of the drifter represented the habitat experienced by the cohort of larvae. The initial location of the 1993 cohort was 40°43.0' N, 68°3.0' W (Fig. 1, circles) , and that of the 1994 cohort was 40°55.0' N, 67°35.0' W ( Fig. 1, triangles) . For both years, the drifter was located in stratified water, and, consequently, all temperature ( Fig. 2) and zooplankton ( Fig. 3 ) data were from stratified sites. Zooplankton was sampled every 10 m using a 0.25 m 2 MOCNESS, with 64 μm mesh nets. Calanus finmarchicus, Pseudocalanus spp., Oithona spp., and Centropages spp. were sorted into 6 naupliar, 5 copepodite, and adult female and male stages. The model included the 4 most common taxa found in the gut contents of larval and juvenile cod on Georges Bank. Other species may be found, but, in general, they would amount to < 5% of the observed gut contents and, therefore, would not likely influence the present study. RNA:DNA ratios based on growth rates for various size-classes of larval cod were taken from Lough et al. (2005) , and they provided data for comparison between observed and modeled growth rates. Turbulence was generated from a 1-dimensional model, initialized by the observed wind conditions and hydrographic properties, and the M 2 tide (Naimie 1996) . May 1994 had almost twice the total zooplankton biomass of 1993 (for the 4 taxa considered); however, the largest increase in biomass was found for adult stages of C. finmarchicus. In both years, C. finmarchicus (Fig. 3a,b ) was located primarily in the upper 30 m, while Pseudocalanus spp. (Fig. 3c,d ) biomass increased below 20 m, which was the depth of the thermocline. Pseudocalanus spp. biomass was 30% greater in May 1994, and most of its biomass occurred between 50 and 70 m depth. Oithona spp. (Fig. 3e , f) did not contribute significantly to the total biomass (3.1% in 1993 and 9.2% in 1994) because of their small size. Oithona spp. were mainly found in the upper 10 m. Centropages spp. (Fig. 3g,h ) biomass was 43% of Pseudocalanus spp. biomass for both May 1993 and 1994, with maximum biomass located in the upper 30 m.
Temperature and salinity were concurrently sampled at 4 s intervals. Temperature data were further averaged for every 1 m and interpolated in time at 1 h resolution and incorporated into the IBM (Fig. 2) . Zoo- plankton data were interpolated in time and used as input to the IBM (Fig. 3) . The depth distribution of larval cod was sampled every 10 m and every 6 h using a 1 m 2 MOCNESS, with nine 333 μm mesh nets. Vertical distributions of cod (numbers 100 m -3 ) were presented as mean vertical profiles over the entire sampling period by Lough et al. (2005) , while, in the present study, the in situ values were used to analyze the variability of larval depth distribution with time.
Sub-models. Feeding model:
A full description of the IBM used in this analysis can be found in Fiksen & MacKenzie (2002) and Kristiansen et al. (2007) . The feeding component of the IBM consists of 3 sequential steps, which were estimated at each time step (1 h):
(1) prey encounter, (2) prey approach/pursuit, and (3) capture.
(1) Larval cod are pause-travel visual predators (Hunter 1981 , O'Brien et al. 1989 , and prey encounter therefore depends on the larva's ability to perceive prey (Aksnes & Utne 1997) at a given light level. Light intensity varies with time of Day h and Depth z, and is a function of the surface light and the diffuse light attenuation (water clarity). Surface light was calculated according to time of the day, latitude (~41°N), and day of the year (here 22 to 27 May). Light was used as input to the foraging component to estimate a larva's visual perception of a prey item for the given depth, attenuation coefficient (clarity of water), beam attenuation coefficient (the loss of light between predator and prey at the same depth level over their separation distance), prey contrast, and image area. Turbulence may increase the number of prey swept into the perception area of the larvae (Fiksen & MacKenzie 2002) , thereby increasing the encounter rate. Prey may also swim into the larva's perception area during pause and search.
(2) If a prey item is encountered the larva needs to approach the prey carefully and assume an attack position. The pursuit is successful if the larva can swim to its attack position at a speed that does not create pressure gradients in the water that exceed the prey's alarm threshold . In our IBM, larvae were always allowed to swim below the threshold value, but the distance from the larva to the prey (distance of perception) had to be traveled within 10 s (average value from laboratory experiments; see Fiksen & MacKenzie 2002) or else the approach failed (e.g. if a small larva detects a large prey, the distance is too large to travel in 10 s). If the turbulence level is high, prey may be swept out of the perception area of the larva (Fiksen & MacKenzie 2002) , resulting in an unsuccessful approach (MacKenzie & Kiørboe 2000) . Prey behavior was restricted to jump escape speeds, which are proportional to prey length. The handling time spent on the unsuccessful approaches was included in total handling time (Fiksen & MacKenzie 2002) . If the pursuit was successful, the larva was able to reach an attack position. (3) The probability of capture success was determined from the relative ratio of the attack speed of the predator, the escape speed and jump angle of the prey, and the mouth size of the larva (the width of the prey cannot be larger than the gape size of the larva for it to be able to swallow its prey) (Caparroy et al. 2000 , Fiksen & MacKenzie 2002 . If the larva made an attempt to attack, the prey responded by jumping at a random angle away from the larva. If the prey was able to reach a location outside the field of view of the larva before the larva was able to reach the prey, the prey escaped. If the prey jumped away from the larva, but still remained in the perception area of the larva, the larva could continue to attack the prey at most 3 times. The outcome of each predator-prey interaction was modeled 100 times to yield a probability of success.
Stomach and growth model: Total biomass ingested per time step (dt) was estimated from the encounter rate of prey items multiplied by the probability of capture, the probability of successful approach, and the weight of the prey ). This procedure was repeated for all 4 available prey taxa and all 13 stages (52 times in total), and the total ingested biomass was summed and stored in the larval gut/stomach ). For all prey items, we also estimated the time spent on foraging using Holling's disc equation (Holling 1966) . The maximum amount of food ingested per time step could not exceed the stomach capacity. The routine metabolism R = 57.12 × 10 -7 · w 0.9 · exp(0.088
) of larval cod was parameterized according to Finn et al. (2002) and expressed by larval dry mass (w, mg) and temperature (T). Metabolism increased when the larvae were active, and we defined active metabolism as R active = 2.5R for larval size SL ≥ 5.5 mm and R active = 1.4R for larval size SL < 5.5 mm (Lough et al. 2005) . Active metabolism (R active ) was used when light was above a threshold (0.01 μmol s -1 m -2 ). When the light level was too low for feeding (no activity), active metabolism equaled routine metabolism (R active = R). Growth per time step was calculated as either the temperatureand food-dependent or only the temperature-dependent (food-independent) rate. Growth was temperature dependent if the amount of biomass stored in the stomach exceeded or equaled the biomass required to grow at the maximum rate. The temperature-dependent rate (Folkvord 2005 ) is:
where SGR is the specific growth rate (% d ) is expressed through the relationship g = ln[(SGR · dt)͞100 + 1]͞dt. The dry weight biomass required to grow at the maximum, temperature-dependent rate is therefore:
where A (dimensionless) is the assimilation efficiency (Buckley & Dillmann 1982) and w t -1 is the larval weight calculated at the previous time step. If the stomach content (s t , mg) is lower than required (D, mg) by SGR, growth is food limited and constrained by the biomass available in the stomach. The available stomach volume at the current time step (s t ) is a function of the ingested material (i), the remaining stomach content from the previous time step (s t -1 ), and the biomass extracted for growth (D):
Finally, the larval weight (w t ) at the current time step (t ) is given by:
Mortality. Local mortality rates were estimated from size-dependent invertebrate predation, and visual predation from a fixed density of piscivores . Invertebrate predation (m n , h ) was assumed to be proportional to the visual range squared , m f = 0.05P 2 , where P (mm) was the light-and prey-sizedependent perception distance of the piscivores (the coefficient 0.05 summarizes all factors such as fish density and escape probability; see Fiksen et al. 2002 for details) . Total instantaneous predation rate (h -1 ), m z = m n + m f , was thus a function of depth, surface irradiance, and larval size. Unfortunately, we do not have any estimates of the mortality pressure during the 5 d that the cohort was tracked; instead we have used size-and depthdependent mortality rates.
Strategy for vertical behavior. The standard 'ruleof-thumb' for larval behavior (Gilliam & Fraser 1987) assumes each larva uses a strategy that maximizes the ingestion rate relative to stomach fullness and that minimizes the exposure to predators and starvation mortality ). We allowed the larva to move vertically in the water column and to find the depth where it was able to maximize its ingestion rate while minimizing its mortality rate. This assumed that the larva was able to sense its ingestion potential and the risk of predation that would be encountered within a 1 h routine swimming distance above and below its current depth location. This behavior involves a tradeoff between feeding and being eaten. Choice of depth within swimming distance z* i , was then determined for individual i by maximizing:
where: (7) β is equal to 5, s is stomach fullness, STV(SL) = 0.3 + 10 3 · (1 + SL · e SL ) -1 is the size-dependent (SL, mm) stomach threshold value (STV), which defined the hunger level. STV ranges from 0.7 for larval cod of 6 mm length to 0.3 for larval cod of 18 mm length (Kristiansen 2007) . The shape of the STV function was found by doing an exhaustive search for the optimal STV value for each 0.5 mm size increment, which was fitted to a function. The search for optimality involved testing all values of STV in the range from 0 to 1 at 0.1 intervals and all sizes of larvae from 6 to 18 mm at 0.5 mm intervals (Kristiansen 2007) .
Prey selectivity index. Chesson's (1978) prey preference index α i was applied to quantify prey selectivity. The index is a ratio between selected (captured and ingested) prey items, r i , relative to the frequency of their occurrence in the environment (n i ) and the ratio of the sum of prey items in the stomach and the environment. Neutral selection (Chesson 1978 ) is defined as α neutral = 1/k, where k is the number of prey types and stages considered. If values are >α neutral , prey are actively selected as they appear more frequently in the diet than their abundance in the environment would suggest. The model evaluated the index of 4 prey taxa and 13 stages (neutral selection, α neutral = 0.0192) based on the observed prey field and modeled feeding. For the NoC simulations, we removed Centropages spp. as a prey item and evaluated 3 prey taxa at 13 stages, which gave a neutral selection of α neutral = 0.0256. We also estimated Chesson's selectivity index assuming that the 4 prey taxa and all 13 stages were homogenously distributed, to explore how important the abundance of specific taxa and stages can be. The function for the selectivity index is:
RESULTS

Zooplankton size distribution
For analytical purposes we also grouped the prey field into 3 size ranges based on prey width (dp, mm) (dp < 0.15 mm, 0.15 mm ≤ dp < 0.3 mm, and dp ≥ 0.3 mm) (Fig. 4) , which limited the ability of the larva to swallow the prey. Total number of nauplii in the water column varied with depth and between years (Fig. 4) . Maximum abundance of all zooplankton size groups occurred in the upper 40 m, with values between 1.5 and 15 prey l -1 (Fig. 4a,b) for the smallest size group and substantially lower values (0 to 2 prey l -1 ) for the 2 largest size groups. Patches of high densities of nauplii (smallest size group) and copepodites (the 2 largest size groups) co-occurred (Fig. 4) . Copepodites were distributed throughout the water column, although maxima were found at 10 and 30 m in May 1993 and at 10 m in May 1994.
Modeled behavior
Vertical variation in prey abundance, temperature, and predation rate strongly affected the modeled larval behavior for Gadus morhua and therefore also the modeled growth and feeding. In the present model study, larval state dependence (stomach fullness, size) determined the trade-off between ingestion and mortality, and the subsequent vertical behavior. This tradeoff caused diel vertical migration (DVM), with larvae moving downward during the day and towards the surface during the night (Fig. 5) . In an environment that contained predators, modeled 7 mm larvae were mostly located in the upper layer of the water column, between the surface and 20 m depth (Fig. 5a,b) . This depth range was a result of the trade-off between seeking shelter, while still being within swimming distance of the surface layer, where the light level was suitable for feeding. The individuals followed the local maximum abundance of nauplii (upper 15 m) in May 1993, while, in 1994, the nauplii were more uniformly distributed and the larvae moved to deeper areas in the water column (Fig. 5a,b) . When predation risk was modeled to zero ('no predation'), the larvae stayed in the upper 10 to 15 m of the water column. The swimming and visual abilities increased considerably from 7 to 9 mm, and therefore the increased DVM range (Fig. 5c,d ) allowed the larger larvae to avoid predators in the surface layer during daytime. The average modeled depth position over 5 d (Fig. 5, 48 respectively. Results for modeled behaviors are not shown for 5 mm larvae, since their modeled behaviors were limited to the surface layer (upper 5 to 15 m). For 11 mm larvae, the behavior was comparable to that for 9 mm larvae.
Observed larval distribution
The 2 to 5 mm larvae (Fig. 6) were distributed in the upper 30 m of the water column. Depth-integrated values of larval abundance differed with time of sampling, which may indicate sampling of different larval cohorts. The 6 to 8 mm larvae generally remained in the upper 30 m by day and by night ( Fig. 7) , with maximum abundance around 20 m. The larger size-class of the 9 to 13 mm larvae was mainly located in the upper 40 m (Fig. 8) . The field data for this size group also suggest that larvae move throughout the water column and that larval depth distribution can change rapidly.
Modeled and observed larval growth rates
Average field-derived larval growth rates (RNA:DNA) for all sizes (5 to 9 mm) were 10.6% d -1 in May 1993 and 9.9% d -1 in May 1994 (Table 1) , despite a 1.5-fold increase in plankton biomass in 1994. Estimated mod- Fig. 1 for sampling sites). The hour of the day (top) and date (bottom) are shown on the x-axis. Prey were divided into sizes based on their width (dp):
(a,b) dp < 0.15 mm, (c,d) 0.15 mm ≤ dp < 0.3 mm, and (e,f) dp > 0.3 mm eled growth of 5 mm larval cod in May 1993 at fixed depths and weighted for observed vertical abundance (WMD) was 3.0% d -1
. Larvae that exhibited vertical behavior (OPT) in an environment with predation (in parentheses, without predation) experienced growth rates of 5.1 (5.1)% d -1
. Field observations for 5 mm larvae revealed a mean growth (± SD) rate of 7.6 ± 2.4% d -1 . For 1994, modeled growth rates for 5 mm larvae were 4.6% d -1 for WMD and 6.8 (6.8)% d -1 for OPT (Table 1 ). Observed growth rates increased with larval size, with a maximum of 12.9 ± 1.6% d -1 for 9 mm larvae in 1993 (10.4 ± 2.0% d -1 in 1994). The simulated growth rates were slightly higher in 1994 than in 1993 due to the increased temperature and abundance of prey. This suggests that the number of potential prey available in TDG rates were higher for all sizes of larvae compared to the modeled growth rates that accounted for prey density (OPT, WMD, and NoC). Consequently, larval fish that were able to migrate vertically to optimize the vertical distribution of prey in the water column were food limited (Table 1) . For food-limited simulations, 9 mm larvae reached a maximum growth rate of 14.6% d -1 in 1994. The lowest modeled and observed growth rates were found for 5 mm larvae.
When predators were removed from the environment and the larvae were able to optimize their growth rates (OPT), the growth rates were higher compared to those in environments with predation. With no risk of being eaten, the larvae would stay in the surface layer and feed continuously during light hours, without having to seek out deeper areas to find shelter (Fig. 5) .
Modeled prey selection at constant prey densities
Comparisons between observed (gut analysis) and modeled capture success agreed well, except for small differences for the largest prey items available to 5 mm (Fig. 9a ) and 8 mm larval cod (Fig. 9b) . The species-specific length and width (Fig. 10a) characteristics that determine visibility to larval cod, while prey swimming speed and jump angle affected larval capture success. Given equal densities of the 4 prey taxa, Oithona spp. were the preferred simulated prey for 5 and 9 mm larvae (Fig. 10b,c) . This is likely a result of the slow swimming speeds among Oithona spp. and their relatively large width to length ratio, which increases their visibility (image area) and thus their encounter rate with larval cod (Fig. 10a) . Simulated preferred ratio between prey and predator length was 0.06 for 5 mm larvae and 0.05 for 9 mm larvae.
Modeled and observed prey selection with varying prey densities
When the observed prey densities were used as input to the IBM, Pseudocalanus spp. and Centropages spp. were the most important modeled prey items regardless of larval size ( Table 2 ). The 2 species accounted for about 60 to 80% of the prey items in the modeled gut for both 1993 and 1994, regardless of whether predation pressure was turned on or off. Pseudocalanus spp. nauplii were twice as abundant as Centropages spp. nauplii in 1993 and 3-fold more 237 ) from RNA:DNA measurements (Lough et al. 2005 ) for 4 sizes of larval cod compared to modeled growth rates for May 1993 and 1994. Simulated growth rates for larval cod were averaged throughout the water column and weighted by observed (Lough et al. 2005 ) abundance at depth (weighted mean depth, WMD). Also shown are averaged (± SD) growth rates for 100 individuals that exhibit vertical behavior that optimized (OPT) ingestion rate and minimized mortality risk. Simulation results with and without predation shown. Temperature-dependent growth rate (TDG) estimated assuming excessive amounts of food. TDG restricted larval growth to their physiological maximum (Folkvord 2005 3.0 ± 0.1 5.13 ± 0.6 11.2 ± 0.1 3.6 ± 0.4 5.13 ± 0.6 11.2 ± 0.1 3.6 ± 0.4 7 mm 11.3 (3.3, 60) 8.9 ± 0.2 12.9 ± 0.3 14.3 ± 0.1 12.5 ± 0.2 13.2 ± 0.3 14.3 ± 0.1 12.6 ± 0.3 9 mm 12.9 (1.6, 270)
12.1 ± 0.1 12.6 ± 0.1 13.9 ± 0.1 12.8 ± 0.2 13.8 ± 0.1 15.0 ± 0.1 13.6 ± 0.2 11 mm na 12.5 ± 0.1 12.2 ± 0.1 13.2 ± 0.0 12.2 ± 0.2 13.4 ± 0.2 14.3 ± 0.2 13.2 ± 0.3 1994 5 mm 9.4 (0.0, 1) 4.6 ± 0.1 6.8 ± 0.5 12.6 ± 0.2 4.9 ± 0.3 6.8 ± 0.5 12.7 ± 0.1 4.9 ± 0.3 7 mm 9.8 (1.9, 83) 13.6 ± 0.1 13.7 ± 0.2 15.8 ± 0.2 13.6 ± 0.2 14.2 ± 0.2 16.0 ± 0.1 13.6 ± 0.2 9 mm 10.4 (2.0, 46) 14.0 ± 0.0 13.4 ± 0.1 15.2 ± 0.0 13.6 ± 0.2 14.6 ± 0.1 16.3 ± 0.1 13.6 ± 0.2 11 mm na 13.6 ± 0.0 13.0 ± 0.1 14.4 ± 0.1 13.0 ± 0.1 13.8 ± 0.5 15.1 ± 0.5 14.5 ± 0.3 Fig. 9 . Gadus morhua. Modeled probability (%) of capture success for (a) 5 mm and (b) 8 mm larval cod. Modeled values were averaged over 1000 capture attempts per prey taxa (Calanus finmarchicus, Pseudocalanus spp., Oithona spp. and Centropages spp.) and stage. Shown below the graph is the observed presence/absence of prey in the stomach/gut observations of 2 to 5 mm and 6 to 8 mm larval cod (Lough et al. 2005) abundant in 1994. The high frequency of Pseudocalanus spp. in the gut observations was explained by the model as an effect of high differential encounter rate between larval cod and Pseudocalanus spp., combined with the larva's ability to capture Pseudocalanus spp. In agreement with modeled prey selection, stomach samples showed high numbers of Pseudocalanus spp. for all larval sizes, but only a few (0 to 19%) Centropages spp. (Table 3) . Oithona spp. accounted for 14 to 37% of the prey items in the modeled diet for all larval sizes (Table 2) , comparable with stomach samples (Table 3) . Low preference for Calanus finmarchicus was predicted from both modeled (0 to 7%) and observed (0 to 1%, valid for 6 to 8 mm) stomach contents (Tables 2 &  3) . C. finmarchicus was by far the largest copepod prey available, but its width, length, and swimming speed constrained the modeled capture efficiency (Fig. 9) . Table 2 summarizes the values of Chesson's prey preference index for all stages, and Fig. 11 illustrates the preference for both prey stages and species. Modeled 5 mm larvae forage mainly on naupliar stages; however, for Pseudocalanus spp., Centropages spp., and Oithona spp., the smallest copepodite stages can also be preyed upon (Fig. 11) . C. finmarchicus was nearly absent as prey for 5 mm larvae, with the exception of the smallest naupliar stages (Figs. 9a, b, 11a, b, & 12a, b) . Simulated 9 mm larval cod foraged on nearly all available copepod prey items (Fig. 11c,d) , with the exception of the largest Calanus finmarchicus. Modeled gut contents indicated high selection for Pseudo- calanus spp. and Centropages spp., with a preference for copepodite stages CI to CIV (Fig. 11c,d ). There was good agreement between observed and modeled stomach content values of 6 to 8 mm larvae, with the exception of Centropages spp., which was nearly absent from the observed diet. The larvae likely compensated for the absence of Centropages spp. by foraging on Pseudocalanus spp., which accounted for 46 to 82% of the observed stomach contents (Table 3) .
Observed gut contents of 6 to 8 mm larval cod showed low numbers of Centropages spp. When we assumed that Centropages spp. was negatively selected (for unknown reasons) and removed Centropages spp. as a potential prey in the model, the modeled numbers of Pseudocalanus spp. and Oithona spp. in the stomach increased (Fig. 12, Table 4 ). The larval selection on Calanus finmarchicus did not increase, as abundance was generally low and C. finmarchicus were difficult for cod larvae to capture. When we removed Centropages spp. as a prey item, small larvae (5 to 7 mm) increased the numbers of Oithona spp. on which they fed, while larger larvae (9 to 11 mm) mainly fed on Pseudocalanus spp. (Fig. 12 , Table 4 ).
DISCUSSION
Year-class strength is often regarded as largely determined by the number of larval fish that survive the first 6 mo after hatching (Hjort 1914 , Sundby et al. 1989 , Houde 1997 . During this period, the combination of the right prey and the larval ability to capture prey is a requirement for larval growth and survival (Cushing 1996 . On Georges Bank, Pseudocalanus spp. is the main prey item for larval cod Gadus morhua (Kane 1984 , Campana et al. 1989 , Lough & Mountain 1996 , Buckley & Durbin 2006 , Kane 2007 , i.e. this prey item is that most frequently found in gut samples of newly hatched to metamor-239 Oithona spp.
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Calanus finmarchicus
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Oithona spp.
Centropages spp. Values above this line indicate a preference for these prey items, as they are more frequently selected than they appear in the environment phosed cod. The results presented suggest that the observed high frequency of Pseudocalanus spp. in the larval cod gut can be explained by a high differential encounter rate between larval cod and the prey. The differential encounter rate was caused by the visibility of Pseudocalanus spp. in the water column, combined with the ability of larval cod to capture this prey taxon, as well as the relatively high abundance of this prey item and an overlapping vertical distribution of Pseudocalanus spp. and larval cod (Kane 2007) . What is usually referred to as a prey preference for Pseudocalanus spp. is actually a mechanistic effect of the biotic and abiotic components of the water column and not an active selection of larval cod, which is consistent with studies of the feeding ecology of bay anchovy Anchoa mitchilli (Luo et al. 1996) . Clearly, Pseudocalanus spp. are predominant prey items in the diet of larval cod because of their abundance, visibility, and the larval ability to capture these prey items. However, Centropages spp. and Pseudocalanus spp. copepodites are comparable in length and width (and thereby in image area), and, since escape behavior of the prey was simulated as a size-dependent function, Centropages spp. were simulated to be prey items for larval cod. If a more complex species-specific prey behavior had been included in this model, it is probable that Centropages spp. copepodites would not have been found to be an important component in the diet of larval cod. Centropages spp. are omnivorous predators and have behaviors that differ from the predominantly herbivorous Pseudocalanus spp. (Davis 1987 ), e.g. a faster reaction pattern and superior swimming abilities (Tiselius & Jonsson 1990 , Titelman 2001 ) that make these prey difficult to pur- Oithona spp.
Oithona spp. (Table 4) and observed (Table 3) prey selection agreed well, and the modeled growth rates (Table 1) were mainly within a standard deviation of the observed growth rates. Still, proper treatment of including species-specific behavior is not trivial and will be the focus of continued research. Our analyses were limited to 5-15 mm larvae/juveniles, but older stages of cod may show more active selection. Recent work by Rowlands et al. (2008) suggests that cod indeed have a selectivity preference for prey when they reach the stages succeeding metamorphosis. Light and visual perception are known to be key components of understanding foraging ecology (Blaxter 1986 , Gilbert et al. 1992 , Aksnes & Giske 1993 , Aksnes & Utne 1997 ), but models rarely contain such a level of complexity and detail. One reason may be that model reliability depends on the underlying assumptions of the model and the model's ability to reproduce observable patterns. Laboratory experiments, in which scientists have identified and explored the properties of a single process, or a multitude of processes, provide information on the relevant parts of an IBM. As the number of processes included in the model grows, the complexity and the room for error increase as well. Elements of a model should therefore be limited to the ones thoroughly studied and well documented. The results we have shown here suggest that high complexity may be required to understand how the visual aspect of feeding may be a controlling factor for prey selection.
Visual hunters such as larval cod depend on light to feed. In aquatic environments, light changes exponentially with depth, and the total surface irradiance depends on the day of the year and the latitude. This means that the vertical position of the larva will play an important role in total encounter rate between prey and predator. Here, behavior was modeled as a tradeoff between local predation pressure and ingestion rate, and modeled growth and gut content were close to observed values. When the predation rates were turned off, most of the simulated larvae were located in the surface 10 m during the day (Fig. 5) , which resulted in increased growth. However, field observations indicated that cod larvae were collected throughout the upper 30 m of the water column, with a changing diel vertical distribution pattern (Figs. 6 to 8 ). Since the invertebrate predation rate was constant, the surviving simulated larvae in the surface water could be attributed to the variable vertebrate predation rate. As this surface pattern was not observed in the field larvae, it probably indicates the more episodic nature of vertebrate predation (Garrison et al. 2000) , which is more difficult to model for site-specific comparisons. Behavioral dynamics are critical for accurately modeling the long-and short-term effects of vertical position ). The local prey and predator environment influences the short-term effects through the larval potential to find food and avoid being eaten. The long-term effects of vertical behavior are caused by vertical gradients in the ocean currents. Larval fish at different depths will be exposed to different ocean currents, and therefore experience different pathways during their pelagic stages. Consequently, this will affect the success of larvae in reaching favorable nursery grounds , which can have consequences at the population level.
Light, food, and temperature operate simultaneously and provide the habitat for first-feeding larval cod. The combination of these properties will therefore constrain the feeding, growth and survival of larval cod, as has been suggested in several papers (e.g. Buckley et al. 2004 , Buckley & Durbin 2006 . Our model results were consistent with gut samples from 1993 and 1994, with the exception of Centropages spp. copepodites. In times when food is scarce, it is likely that other species may provide energy for larvae in addition to the 4 main prey taxa we have included in the present study. Such events may result in reduced quality of the food, e.g. reduced average size of prey, which may negatively affect cod growth, survival, and recruitment success (Beaugrand 2003) . From laboratory studies we also know that larval growth can be food limited at higher temperatures. Field growth rates estimated for cod on Georges Bank suggest foodlimited growth at temperatures exceeding 7°C for May 1994 (Buckley et al. 2004) .
The feeding component of the IBM presented here explains important details of the feeding behavior of larval cod, which were verified with field data. In particular, we have shown that the high frequency of Pseudocalanus spp. in larval cod guts can be explained by light, optical properties of the environment, the prey and the fish, and the prey distribution and abundance. For future IBMs it is important to incorporate prey behavior in addition to prey visibility and escape speed, because all 3 parameters are likely to affect predation dynamics (Utne-Palm 2000). Behavioral differences between prey species (Buskey et al. 2002 , Titelman & Kiørboe 2003 ) may also elucidate prey selection patterns of larval fish. However, incorporating prey behavior is complex and requires a thorough functional representation and understanding of each species' movement and behavior. Nonetheless, using our current model we can better understand growth and survival of cod under varying environmental conditions. 
